studies have shown that, in the frog, urea is excreted in part by tubular activity.
Marshall and Crane in their classic paper on the secretory function of renal tubules (I) emphasized that urea excretion in frogs differed from that in mammals and resembled phenol red elimination in frogs and mammals in that its excretory efficiency (U/P ratio) was depressed as plasma concentrations were raised. This was interpreted as indicating a saturation of the secretory cells. They concluded that this secretory activity was confined to the proximal convoluted tubules because both urea and phenol red were found to be more concentrated in the dorsal part of the frog's kidney, which contains the proximal segments, than in the ventral. Later JMarshall showed that urea concentrations in urine may exceed those simultaneously in plasma by as much as zo-3+fold, whereas xilose, only slightly reabsorbed, had U/P ratios which never exceeded 3.0 (2) . Walker and Hudson showed in tubular puncture studies that, in contrast to Necturus, the frog concentrates urea to a degree greatly exceeding that of glucose in phlorizinized animals. They concurred with Marshall that some urea is excreted by tubular activity (3) . SchmidtNielsen and Forster found that urea clearances were 4-110 times higher than simultaneous glomerular filtration rates in bullfrogs. p-Aminohippurate (PAH) clearances, which measured renal plasma flows, were approximately three times higher than simultaneous urea clearances (4, 5 Figure I represents the results of a single experiment in which urea and creatinine were injected into the dorsal lymph sac of a bullfrog and the clearances calculated while the urea plasma concentration fell from 50.0 to 2.2 mg %. Plasma concentrations of creatinine and urea were determined on four evenly spaced blood collections. The amount of urea excreted by glomerular filtration was calculated by multiplying the creatinine clearance in milliliters per kilogram body weight per hour, times the amount of urea in I ml of plasma. This value subtracted from the total amount of urea excreted per hour gave the amount excreted by tubular activity and was shown to be constant when plasma concentrations were above 15 mg%. Hence, in all subsequent experiments, when the effects were tested of the simultaneous presence of 2, +di-nitrophenol, benemid or PAH on urea transport the plasma urea concentration was maintained above this critical value. The TmllMl for this particular frog was 18.3 mg/kg/hr.
Tm urea values in various bullfrogs ranged from 6-20 mg/kg/hr., with the higher values characteristic of fresh vigorous animals, and the lower values noted in frogs which had been used previously for clearance experiments, were heavily parasitized, or had been in the laboratory aquarium for a long time. In every instance TmureLz was independent of urea concentrations in plasma when these urea levels exceeded 15 mg %. Table I presents the clearance values for the above experiment.
The creatinine clearance or glomerular filtration rate was unchanged while the plasma levels of creatinine fell from 37.7 down to 16.4 mg% over a period of 33 hours. In contrast, the urea clearance steadily rose as the plasma urea levels fell by PAH. PAH in these studies was found to 28.5 compete with urea transport as previously it 23.0 has been shown to compete similarly with 23.7 26.1 phenol red, penicillin, diodrast and related transfer processes. A typical experiment is presented in table 4 where, after three control periods in which the urea tubular excretory z +DNP actually less urea was excreted than was simultaneously filtered at the glomerulus. Here the transport process was not only blocked but, as in mammals normally, the tubule allowed passive diffusion of the filtered urea in the opposite direction. Table 2 is a record of a single experiment in which after three control periods the administration of 3.7 mg of 2,4-DNP into the dorsal lymph sac completely abolished the tubular excretion of urea without diminishing the urine flow or glomerular filtration rate. The urea clearance was depressed to values significantly lower than those for creatinine.
Blocking Action of Benemid on Tubular Transport of Urea. These studies indicate that urea transport again resembles the tubular excretion of penicillin, phenol red and PAH in that benemid is a very effective inhibiting agent. -0.9 -0.8 mammals to the series of weak acids mentioned above, while having no effect on the renal elimination of the weak base N'-methylnicotinamide, nor on the reabsorption of glucose, arginine, urea, sulfonamides, sodium, potassium, chlorides or phosphates. However, it increases the clearances of uric acid in the 'non-Dalmatian' mongrel dog and decreases the clearance of uric acid by the 'Dalmatian' hound (IO). Urea, in contrast to the other members of this 'series,' is essentially neutral (PH of a IO % water solution is 7.2) and it is very soluble in water. Again the blocking action of PAH on urea transport precludes the explanation that a carboxyl group or some other single reactive group shared by all members of the transport 'series' reacts with a specific intracellular component. It seems similarly unlikely that some common conjugation reaction involving all these transported substances occurs as a critical step in their active transfer. So little is known of the biochemical events concerned in this process that it is idle to speculate at present but, it is difficult to conceive how compounds as completely unrelated as these can 'compete' in the classical sense for a single active site on some hypothetical intracellular component. slices and then analyzed separately. The dorsal kidney contained 16.4 mg % and the ventral I I. I mg %. This confirms the observations of Marshall and Crane (I) who used this as an argument pointing to the specific secretory role of the proximal segments of renal tubules, inasmuch as these segments are confined principally to the dorsal half of frog's kidney. The ability of the kidney to retain relatively high concentrations of urea within the tubular lumen (and possibly intracellularly also), when this compound diffuses freely through all other tissues, points to some special property of renal cells which governs the movement of this highly diffusible substance across their cell membranes.
DISCUSSION
These experiments have disclosed that urea transport in the bullfrog shares the main features possessed by the tubular excretory process which transports phenol red, PAH, penicillin and diodrast, and has been shown to function in the kidneys of all vertebrates, from fish to man (9) . Among the most interesting and puzzling features of the urea transport mechanism is its restricted distribution among the vertebrates, and the fact that urea is so unrelated chemically to the other compounds which appear to compete with it for transport. 'The action of benemid in blocking tubular excretion previously has been shown to be It is generally accepted that in low concentrations 2, +DNP and other substituted nitrophenols uncouple aerobic phosphorylation. The effectiveness of 2,4-DNP in blocking urea transport indicates that this active tubular process, like those involving phenol red and PAH, is dependent upon phosphate bond energy generated by the aerobic oxidative reactions of the tricarboxylic acid cycle. There is no reason to believe that urea, PAH or phenol red themselves are phosphorylated so it is reasonable to assume that here, as has been shown for other fundamental biological processes, phosphate bond energy is used to prime or activate some underlying cellular reaction (I 1-13).
It is interesting to note that after active urea transport is blocked with benemid or 2,4-DNP t,he frog renal tubule frequently behaves like that of the mammal and bird in that back-diffusion of urea may occur until as much as half of the filtered urea is reabsorbed. The tubule seems analogous to a leaky vessel that requires continuous bailing to keep from being swamped. Inasmuch benemid does not affect urea excretion as in mammals, it seems unlikely that this backdiffusion of urea is due ity of the cell membrane to ( I altered O>* permeabi lAt low plasma concentrations tubular excret,ion accounts for more than 90% of the total urea eliminated by the kidney. Considering the high rate of glomerular filtration that is maintained while frogs are in water, and the fact t,hat urea itself is relatively innocuous physiologically, the question might be raised of the possible selective value to frogs of this very efficient tubular excretory process in addit,ion to the capacity to excrete effectively by copious glomerular filtration. Another amphibian, Necturus, a completely aquatic form, has been shown not to excrete urea by tubular activity (3) . Frogs in their natural habitats spend time alternately in and out of water, and adjustment to water loss is accomplished in part by reductions in glomerular activity (6, 14, IS) . It is reasonable to suppose that this tubular process may become critical when frogs are threatened by dehydration and glomerular filtration has been reduced markedly or completely shut off. It is worth noting that the renal portal circulation, which when present perfuses the tubules exclusively and is independent of the arterial blood supply to the kidney, is lost entirely in mammals. In contrast to the cold blooded vertebrates mammals have a constant internal milieu which ensures steady and high rates of glomerular activity irrespective of alterations in the external environment. Here filtration under any environmental stress is sufficient t 0 remove nitrogenous wastes from blood without the necessity of tubular intervention.
SUMMARY
In normal bullfrogs tubular excretion of urea is limited by a constant rate (Tm) when urea plasma concentrations are higher than 15 mg%. 2,4-Dinitrophenol and benemid block completely urea transport in dosages which do not affect glomerular filtration rates. The administration of p-aminohippurate depresses Tm,,,,, , but not, as effectively as does benemid. These studies indicate that, although the incidence of this active transfer process is extremely restricted among the vertebrates, the tubular excretion of urea shares those general features which characterize the cellular transport of PAH, diodrast, penicillin and phenol red, compounds previously shown to be excreted actively by the renal tubules of all vertebrates.
